Abstract: This paper establishes an agent-based simulation system of the carbon emissions trading in accordance with the complex feature of the trading process. This system analyzes the impact of the carbon quota allocation mechanism on emissions trading for three different aspects including the amount of emissions reduction, the economic effect on the emitters, and the emissions reduction cost. Based on the data of the carbon emissions of different industries in China, several simulations were made. The results indicate that the emissions trading policy can effectively reduce carbon emissions in a perfectly competitive market. Moreover, by comparing separate quota allocation mechanisms, we obtain the result that the scheme with a small extent quota decrease in a comprehensive allocation mechanism can minimize the unit carbon emission cost. Implementing this scheme can also achieve minimal effects of carbon emissions limitation on the economy on the basis that the environment is not destroyed. However, excessive quota decrease cannot promote the emitters to reduce emission. Taking into account that several developing countries have the dual task of limiting carbon emissions and developing the economy, it is necessary to adopt a comprehensive allocation mechanism of the carbon quota and increase the initial proportion of free allocation.
Introduction
According to the fifth assessment report by the Intergovernmental Panel on Climate Change (IPCC), the excessive emissions of greenhouse gas cause the frequent occurrence of extreme weather on earth, which threatens the safety of human society and the natural system. Additionally, countries which exert an important impact on the world economy, such as China, usually have large amounts of carbon emissions. However, their energy structure is mainly composed of oil and coal with high carbon content. Consequently, it may threaten the economic development security of a country while decreasing the carbon emissions only by limiting the energy usage. Obviously, promoting carbon emissions reduction is the essential means of easing global warming and achieving sustainable development of human ecological and economic societies. In order to promote the carbon emissions reduction, the United Nations Climate Change Conference adopted the "Kyoto Protocol" [1] in 1997, which pointed out three effective ways to achieve the carbon emissions reduction, including "joint implementation", "clean development mechanism", and "emissions trading". Emissions trading is a typical policy instrument based on the market environment. It limits the pollutant emissions of each emitter and allows the emitters to transact with each other to achieve the discharge standard by implementing the pollutant discharge permit system. The capital expenditure or income during the emissions trading process, in turn, shall encourage the emissions reduction behavior of the emitters. spatial agglomeration effects [26] . Moreover, the amount of Chinese offsets has been growing, which are mainly location-specific and restricted to the compliance market of the region. Carbon trading is a market mechanism and key instrument in the carbon emissions reduction [27] . Liao et al. employed benchmark, grandfathering, and the Shapley value to simulate the initial allocation of Shanghai carbon emissions trading [28] . Wang et al. developed a hybrid nonlinear grey-prediction and quota allocation model which have proved helpful to the carbon emissions reduction in China at both departmental and provincial levels [29] . Zhou et al. proposed an interprovincial emissions reduction quota trading scheme in China and proved the feasibility by simulating its economic performance [30] .
The agent-based simulation system has proved to be valuable in the analysis of the carbon quota transaction mechanism. It can depict the details of the system operation, which can be utilized to analyze the impact of the carbon quota allocation mechanism on the carbon price and the corporate profits. It also can be employed to analyze many problems which cannot be solved by traditional analytic methods. For example, it is useful in examining the interaction of the carbon price and emissions reduction in the conditions of various carbon quota demands [31] . Moreover, researchers have obtained many original results by using the agent-based approach due to its significant advantage in the simulation. For example, Mizuta utilized the agent-based simulation system to certify that sellers manipulating carbon price would greatly affect the carbon quota transaction efficiency in the market [32] . Mizuta and Yamagata proposed an agent-based carbon quota transaction simulation system facing various world economies and successfully employed it to simulate the carbon quota transaction among 41 countries [33] . However, the agent-based simulation is seldom utilized to study the carbon quota transaction in China.
The efficiency of the carbon emissions trading system depends on the emission reduction effect of each emitter and the economic impact brought about by it. Consequently, this paper focuses on the carbon emissions trading system. It elaborates the carbon emissions transaction behavior and strategy of the emitters and utilizes an agent-based simulation model to analyze the operating mechanism of the system. Compared with the traditional analytical approach, the agent-based simulation can examine the parameters in greater detail. By simulating the carbon emissions transaction and reduction in various quota allocation cases, this paper studies effects of the carbon emission trading policy in various carbon quota allocation mechanisms for the following three aspects: the carbon emissions reduction, the economic impact on emitters, and the cost of emissions reduction.
Establishment of Agent-Based Carbon Emission Trading Simulation System
While establishing the agent-based carbon emissions trading simulation system, we can stipulate the interaction and action rule of the emitters by designing the carbon emissions trading mechanism. Therefore, it is possible for us to simulate the transaction strategy adopted by the emitters to fulfill the emissions restriction and, more importantly, the impact of each strategy. Additionally, we can obtain the current pollution treatment of the entire area by summarizing the operating results of various situations.
Selection of Agents
Industrial enterprises are the main part of the carbon emitters, while each enterprise belongs to a certain type of industry. Taking into account the availability of data, this paper regards an industry as an emission unit and collects the data of the carbon emissions of each industry. It focuses on the emissions trading behaviors among various agents (industries) in the perfectly competitive market and their impacts. Achieving the emission standard is the aim of emissions transaction and can be realized by the following two approaches: (1) technical transformation; and (2) purchasing additional carbon quota. By comparing the input of technical transformation and the cost of purchasing the carbon quota of each emitter, we are capable of choosing the optimal carbon emissions reduction strategy.
Design of Carbon Emission Trading Mechanism
The carbon emissions transaction in the market can be divided into two phases, which are carbon quota allocation and transaction. In the remaining part of this section, we will stipulate the rule of the quota allocation and transaction of the emitters.
Carbon Quota Allocation Rule
The carbon quota allocation involves the determination of the total carbon quota and its distribution in each industry.
(1) The total carbon quota The total carbon quota is determined by the carbon emission reduction target of government and historical emissions. Provided that the carbon emission of the previous year is A; the quota coefficient of each year is k t ; the carbon emissions reduction target of government is 1 − k t . We obtain the total carbon quota of the current year.
The total carbon quota at the initial stage of the transaction market is determined by the carbon emissions reduction target proposed by the government, whereas at the latter stages the government would adjust the total carbon quota flexibly according to actual situations.
(2) The carbon quota distribution among the emitters The carbon quota is allocated in terms of the historical allocation or economic contribution [34] . In practice, the historical-allocation-based approach is more beneficial to attract the emitters to participate in the carbon emissions transaction due to its equity. In addition, the allocation is realized by the following three methods: (1) the emitters can get carbon quota for free ("free mode" as follows); (2) the emitters should pay for the carbon quota ("paid mode" as follows); (3) part of the carbon quota is free while part of it should be purchased ("mixed mode" as follows).
Free distribution has a relatively small impact on the social economy and can be accepted and implemented with great ease. However, it has serious flaws in fairness and efficiency. Moreover, it may cause excessive carbon quota and an extremely high transaction price and therefore the carbon quota would not be allocated effectively. For instance, the European Union Emission Trading Scheme (EUETS) implemented free carbon quota allocation, which resulted in the failure of the carbon quota trading market [35] .
Allocating carbon quota by auction is more equitable, efficient, and beneficial to exert the market's mechanism. However, it is difficult to promote and may give rise to a monopolistic behavior of some strong industries and enterprises during the carbon quota auction process [36] . For example, the carbon quota auction approach of the Regional Greenhouse Gas Initiative (RGGI) in the U.S. can only attract the emitters who voluntarily participate in the carbon quota transaction. Therefore, it cannot control the carbon emissions in the whole region effectively.
The "mixed mode" integrates the advantages of the "free mode" and "paid mode" while avoiding their shortages. For instance, the Australian carbon emissions transaction market implements this "mixed mode". By setting a fixed price of carbon quota, it achieves the paid allocation of the carbon quota. Fixing price helps avoid the excessive fluctuation of transaction price and, therefore, guides various resources utilized to reduce the carbon emissions.
There are seven districts in China which have been selected as the pilot cities of carbon quota allocation. Most of them have adopted the "free mode" since the initial period. The approach of paying for some carbon quota is also considered for future plans. For example, the percentage of paid carbon quota in Guangzhou province was only 3% in 2013-2014 and increased to 10% in 2015.
We assume that there are n emitters in the carbon trading market. The proportion of carbon quota of the nth industry is m n . Then, the carbon quota CQ n of the nth industry can be demonstrated as
where ∑ m n = 1. Consequently, we obtain the carbon quota cost of the nth emitter,
where a t is the proportion of free carbon quota in the tth year, and p 0 is the carbon quota price which is purchased by the emitter. If "a t = 1" then 100% of the carbon quota is free allocated, so the carbon quota cost is zero in this case. When "a t = 0" it suggests that 100% of the carbon quota should be paid.
Otherwise, the carbon quota should be acquired by both free allocation and the public auction. In the initial period "p 0 " is fixed and then varies with the transaction price among the emitters. Based on this, we plan to compare the influence effect on carbon quota trading in the "free mode", "paid mode", and "mixed mode".
Transaction Rule
In the stage of carbon quota transaction, each emitter should decide whether to participate in the carbon quota transaction based on its own business condition. First, the emitter compares its carbon quota with the expected carbon emissions until the delivery date and decide whether it needs to purchase extra carbon quota. Afterward, the emitter makes a decision on whether to purchase carbon quota or reduce carbon emissions by exerting technical transformation based on the cost of the two approaches. Provided that the emitter chooses to purchase carbon quota, it should search for sellers in the carbon quota transaction market. Otherwise, if it decides to make a technical transformation, it does not purchase carbon quota in the market but possibly sells its extra carbon quota due to the reduction of emissions.
During the process of carbon quota transaction, each emitter compares the carbon quota it owns by itself (CQ n ) and its actual emissions (CE n ). As a consequence, there are two conditions as follows.
(1) Carbon quota is redundant (CE n < CQ n )
In this case, the industry can obtain benefits by selling carbon quota. Consequently, the total revenue of each industry in carbon quota transaction should be the income of selling carbon quota minus the cost of buying the carbon quota, which implies
where p 1 demonstrates the price of carbon quota, and p 1 × (CQ n − CE n ) demonstrates the income of the emitters selling carbon quota.
(2) Carbon quota is insufficient (CE n > CQ n )
We first assume that the emitters can decrease the carbon emissions by technical transformation. In this case, an emitter should make a decision by comparing the cost of technical transformation and that of purchasing carbon quota. There are significant differences of the technical transformation costs among different industries due to the industrial technical variation. Provided that the marginal abatement cost increases progressively, we suppose that the marginal abatement cost varies with the emissions reductions of CO 2 linearly, which is MC = kq where q is the carbon emissions reductions, and k reflects the changing speed of marginal abatement cost, which is closely related to the type of the emitter (hereinafter referred to as the "emitter character"). Based on this, we can obtain the technical transformation cost of each emitter by
Formula (5) suggests that if the emitter intends to achieve the emissions reduction (TQ), it should pay for the technical transformation cost of TC 0 . By comparing the technical transformation cost (TC 0 ) and the cost of purchasing an equivalent carbon quota (∑ p × TQ), we obtain the following situations.
(1) TC 0 < ∑ p × TQ In this case, the cost of technical transformation is lower than that of purchasing carbon quota, which stimulates the emitters to reduce carbon emissions by technical transformation. As a consequence, the total cost of the emitters in carbon emissions reduction is
If CE n − TQ n < CQ n , the emitter can sell the redundant carbon quota; otherwise, the emitter should purchase the insufficient carbon quota.
In this case, the cost of purchasing carbon quota is lower than that of technical transformation, which prompts the emitters to reduce carbon emissions by purchasing the carbon quota. Therefore, we obtain the total cost of the emitters in carbon emissions reduction,
Simulation of Carbon Transaction among Industries

Simulation Environments and Basic Assumptions
We employed Matlab to establish the simulation system of the carbon quota transaction market. The simulation time period is limited to 2015-2030 and the unit transaction period is one year. In order to facilitate analysis, we propose the following assumptions:
(1) The carbon quota transaction market is a perfectly competitive market. Therefore, the transaction prices of different emitters are the same in one transaction period. Consequently, the trading object chosen by the emitters should be random. (2) There are only two choices for an emitter in one transaction period. Specifically, an emitter either makes a technical transformation to reduce carbon emissions or purchases carbon quota to achieve the emissions target. (3) The carbon quota requirement of all the emitters can be satisfied. In other words, the overall supply of carbon quota is sufficient.
Based on the elaboration in the previous section, we established the simulation process shown in Figure 1 .
Calculate carbon quota price in the secondary markets (1)
Calculate optimal carbon emission reduction (2) Calculate carbon quota transaction cost in the primary markets (5) Emission greater than quota?
Carbon emission remain unchanged (9) Calculate income and expenses (10) Calculate carbon emission (6) Calculate income and expenses (7) Accumulate (1) The actual carbon emissions
We estimate the carbon emission of each industry from 2000 to 2014 based on the industrial energy consumption data from "China Statistical Yearbook" [37] and "China Energy Statistical Yearbook" [38] . The carbon emission data of each type of energy are provided in "IPCC Guidelines for National Greenhouse Gas Inventories (2006)" [39] .
(2) The carbon quota We can conclude from the experience of the carbon quota trading in China that the carbon quota is allocated based on the historical carbon emissions of the emitters and the carbon emissions reduction target. This paper utilizes a similar approach which includes the weighted sum of the historical carbon emissions in the previous three years,
where      is the variation strength of the carbon quota ( 1
  is, the higher the pressure of carbon emissions reduction would be. The feature of various carbon quota distribution plans is shown in Table 1 . 
Data Sources
Each indicator mainly contains the historical carbon emissions of each emitter, the carbon quota of each emitter, the price of the carbon quota, as well as the cost and income of technical transformation. For the reason that the carbon emissions data of a single Chinese enterprise cannot be acquired, this paper takes eight industries in China as research objects (emitters). In this paper, the primary market is the carbon quota allocation market between the market manager (government) and the market participant (agent). The secondary market is the carbon quota transaction market among the agents. In the secondary market, the agents make quota transaction freely, which is generally accepted quota trading market. The data sources are listed as follows.
(1) The actual carbon emissions
where α + β + γ is the variation strength of the carbon quota (α + β + γ ≤ 1). The smaller α + β + γ is, the higher the pressure of carbon emissions reduction would be. The feature of various carbon quota distribution plans is shown in Table 1 . There are five of seven newly-built carbon trading markets in China which set the initial carbon quota unit price as 20 RMB. Therefore, we assume that the carbon quota unit price is 20 RMB in the first year of carbon trading. In the perfectly competitive market, the price of the carbon quota should be decided by the supply and demand relationship. This paper analyzes 218 transaction data from 2014 to 2015 in Shenzhen's carbon trading market. Then it makes regression between the carbon quota price and trading volume. By stepwise regression among the first-lagged trading volume, second-lagged trading volume, and the trading price, we obtain the optimal fitting equation
where p i is the current price, p i−1 is the previous price, and q i−1 is the previous trading volume. In this equation "i" is the time period (several days on average) from the former transaction to the current one. Utilizing Formula (9), the carbon quota trading price can be calculated.
(4) The cost and benefit of technical transformation
The previous section suggests that the cost of carbon emissions reduction TC 0 is closely related to the emitter character k. Moreover, we can obtain the typical technical transformation cost of each industry and the annual carbon emissions reduction from the "National energy conservation technology promotion directory" [40] proposed by National Development and Reform Commission and the "Energy conservation, emissions reduction and low carbon technology achievements transformation promotion list" [41] proposed by Ministry of Science and Technology. Based on this, we obtain the carbon emissions reduction by unit technical transformation investment which can replace the aforementioned "k". We suppose in this paper that the aim of technical transformation is only to reduce carbon emissions, so we omit the economic value of the technical transformation. The unit carbon emission reduction cost is listed in Table 2 . 
Simulation Results and Analysis
In this section, we simulate the carbon emissions reduction effects in different carbon quota allocation mechanisms including the "free mode", "paid mode", and "mixed mode". By calculating in Matlab, we obtain the carbon quota transaction condition of eight Chinese industries from 2015 to 2030, which is described in Table 3 . Based on this, we can assess the effect of carbon emissions reduction policy in the following three aspects.
(1) Analysis of carbon emissions reduction performance As is depicted in Figure 2 , in the context of the total emissions control, the constraint of carbon quota transaction mechanism results in significant carbon emissions reduction in China. Because the carbon emissions in Program 1 and Program 2 equals that in Program 5, we take the case in program 5 as an example. By comparing the cases in different programs we can see that the total carbon emission reduces from 10.1986 in 2015 to 10.0279 in 2030 in the high-speed program, while it decreases to 10.0274 and 10.0474 in the mid-speed program and in the low-speed program, respectively. Apparently, the carbon emissions in the three programs are reduced by 0.1707, 0.1712, and 0.1512, respectively. Moreover, the reduction percent of the carbon emissions brought about by these three types of programs is 1.67%, 1.68%, and 1.48%, respectively. In addition, the average annual reduction of the low-speed program is less than 0.1%, while that of the mid-speed and high-speed programs is 0.1126% and 0.1129%, respectively. In general, the carbon emissions reduction in the low-speed program is relatively less than those in other two programs. However, by comparing the mid-speed program and high-speed program, we can see that the carbon emissions reduction in the former program is more than that in the latter program. This shows that the effect that promotes the carbon emissions reduction speed by decreasing the carbon quota is not obvious. Specifically, there is a threshold of the carbon quota reduction and, therefore, overly quick carbon quota reduction would result in the ineffectiveness of the carbon allocation policy on emitters. (1) Analysis of carbon emissions reduction performance
As is depicted in Figure 2 , in the context of the total emissions control, the constraint of carbon quota transaction mechanism results in significant carbon emissions reduction in China. Because the carbon emissions in Program 1 and Program 2 equals that in Program 5, we take the case in program 5 as an example. By comparing the cases in different programs we can see that the total carbon emission reduces from 10.1986 in 2015 to 10.0279 in 2030 in the high-speed program, while it decreases to 10.0274 and 10.0474 in the mid-speed program and in the low-speed program, respectively. Apparently, the carbon emissions in the three programs are reduced by 0.1707, 0.1712, and 0.1512, respectively. Moreover, the reduction percent of the carbon emissions brought about by these three types of programs is 1.67%, 1.68%, and 1.48%, respectively. In addition, the average annual reduction of the low-speed program is less than 0.1%, while that of the mid-speed and highspeed programs is 0.1126% and 0.1129%, respectively. In general, the carbon emissions reduction in the low-speed program is relatively less than those in other two programs. However, by comparing the mid-speed program and high-speed program, we can see that the carbon emissions reduction in the former program is more than that in the latter program. This shows that the effect that promotes the carbon emissions reduction speed by decreasing the carbon quota is not obvious. Specifically, there is a threshold of the carbon quota reduction and, therefore, overly quick carbon quota reduction would result in the ineffectiveness of the carbon allocation policy on emitters. (2) Analysis of the economic effect
We can obtain the cost of the carbon emissions reduction in various carbon quota allocation mechanisms, which is shown in Figure 3 , based on the former assumptions. Generally speaking, the cost of carbon emissions reduction is increasing due to the annually descending carbon quota. (2) Analysis of the economic effect
We can obtain the cost of the carbon emissions reduction in various carbon quota allocation mechanisms, which is shown in Figure 3 , based on the former assumptions. Generally speaking, the cost of carbon emissions reduction is increasing due to the annually descending carbon quota. Specifically, the policy of full payment of the carbon quota (Program 2) brings about the highest cost of carbon emissions reduction. As shown in Figure 3 , the annual average cost is 3.449. Moreover, the cost of technical transformation to achieve the carbon emission standard from 2015 to 2030 in the policy of totally free of carbon quota (Program 1) is 2.842. Although the emitters need not pay for the carbon quota in this program, if we take into account the carbon emissions reduction of the whole society, the overall cost of this situation is higher than the mixed allocation policy (Programs 3, 4, and 5). The cost of carbon emissions reduction in the same period is 2.325, 1.576, and 1.191, respectively. This suggests that the policy of totally free carbon quota would decrease motivation of the emitters for implementing technological transformation. Therefore, the emitters which are expected to transform technology and sell extra carbon quota omits the technical transformation, which should result in the cost increase of carbon emissions reduction of the whole society. cost of technical transformation to achieve the carbon emission standard from 2015 to 2030 in the policy of totally free of carbon quota (Program 1) is 2.842. Although the emitters need not pay for the carbon quota in this program, if we take into account the carbon emissions reduction of the whole society, the overall cost of this situation is higher than the mixed allocation policy (Programs 3, 4, and 5). The cost of carbon emissions reduction in the same period is 2.325, 1.576, and 1.191, respectively. This suggests that the policy of totally free carbon quota would decrease motivation of the emitters for implementing technological transformation. Therefore, the emitters which are expected to transform technology and sell extra carbon quota omits the technical transformation, which should result in the cost increase of carbon emissions reduction of the whole society. Based on the analysis above, we can calculate the carbon emissions reduction and its cost in various carbon quota allocation mechanisms and requirements. Afterward, we obtain the descriptive statistic of the annual cost of unit carbon emissions reduction from 2015 to 2030 in several sample policies as shown is Table 4 . On the whole, the cost of unit carbon emissions reduction in mixed allocation policy is far less than that in totally free (Program 1) or full payment (Program 2) allocation policy. In addition, the carbon emissions in Program 1 equals that in Program 2, while the cost of carbon emissions reduction in Program 2 is higher than that in Program 1 due to the extra carbon quota purchase. Moreover, the carbon emissions in Program 1 is equal to that in Program 5, but the cost is significantly higher. Additionally, the average annual increase of the carbon emissions reduction cost (up to 15%) in Program 5 is the highest one of all the programs. This means that the cost of technical transformation Based on the analysis above, we can calculate the carbon emissions reduction and its cost in various carbon quota allocation mechanisms and requirements. Afterward, we obtain the descriptive statistic of the annual cost of unit carbon emissions reduction from 2015 to 2030 in several sample policies as shown is Table 4 . On the whole, the cost of unit carbon emissions reduction in mixed allocation policy is far less than that in totally free (Program 1) or full payment (Program 2) allocation policy. In addition, the carbon emissions in Program 1 equals that in Program 2, while the cost of carbon emissions reduction in Program 2 is higher than that in Program 1 due to the extra carbon quota purchase. Moreover, the carbon emissions in Program 1 is equal to that in Program 5, but the cost is significantly higher. Additionally, the average annual increase of the carbon emissions reduction cost (up to 15%) in Program 5 is the highest one of all the programs. This means that the cost of technical transformation to achieve the carbon emissions target and purchasing the carbon quota increases quickly. By comparing Programs 3, 4, and 5, we can conclude that the unit carbon emission cost sharply rises with the increase of the carbon quota reduction speed. As a consequence, it is of great necessity to control the unit carbon emission reduction cost by designing an appropriate carbon quota allocation policy to avoid the excessive economic pressure on the emitters.
Conclusions and Prospects
The carbon quota transaction mechanism based on the total carbon emissions control is an important policy instrument which promotes the emitters to reduce carbon emissions. This paper utilizes the agent-based simulation in which we consider each emitter as an agent and then set its properties and action rule. We study the carbon quota transaction and its economic impact on the industry in different carbon quota allocation mechanisms. Therefore, we come to the following conclusions:
(1) In the assumption of the perfectly competitive market and zero transaction costs, the carbon quota transaction policy mechanism can significantly bring about carbon emissions reduction. Specifically, although the carbon quota allocation and transaction mechanism varies, the carbon emission decreases in the context of the total carbon emissions control. This means that the carbon quota transaction policy contributes to the carbon emissions reduction significantly. (2) Based on the comparison of different carbon quota allocation mechanisms, we conclude that the mechanisms are capable of promoting the carbon emissions reduction. Specifically, by considering both the carbon emissions reduction and its cost we obtain the result that the slow carbon quota reduction approach in the mixed allocation mechanism has the minimum cost of unit carbon emission. In other words, it realizes the minimal economic impact of the carbon emissions reduction on the premise that the carbon emissions achieve the target. On the other hand, the variation of the carbon quota has an interval threshold, which means that excessive quota decrease cannot promote the emitters to reduce emissions. For example, taking into account the requirement for both the carbon emissions reduction and economy development, it is of necessity for China to implement the mixed carbon quota allocation mechanism and ensure that the proportion of initial free quota is higher than the proportion which should be purchased by the emitters.
In summary, the agent-based simulation system established by this paper is of help to analyze the carbon quota transaction. However, we simplify the action rules of the emitters and omit the individual differences of the emitters due to the consideration of data availability and analysis facilitation. Moreover, the assumption of the linear marginal abatement cost function is simple and needs to be improved in further researches. Additionally, the technical transformation cost varies during the carbon transaction process which is influenced by many complex factors. As a consequence, the influence mechanism should be taken into account while focusing on specific industries or regions.
